The farming of aquatic organisms, such as fish, shrimp and mollusks has experienced considerable growth during the past 30 years. In this study, we present a method for the derivation of aquaculture ponds from high resolution SAR time series data and its potential for the approximation of aquaculture harvest volume. The Copernicus Sentinel-1 mission allows continuous high resolution radar mapping, enabling the exploitation of large data volume. Open source thresholding and segmentation algorithms were applied to extract aquaculture ponds from Sentinel-1 time series data based on object and shape metrics. With the collection of statistical and in-situ data this study estimated production for the detected aquaculture areas. In the view of its growing importance for nutrition and future food security, earth observation holds great potential as a helping tool for the sustainable management of aquaculture and estimation of pond production.
INTRODUCTION
Aquaculture is the fastest growing sector in the global food industry. While capture fishery revenues have stagnated since the 1990s, aquaculture's share of total production of aquatic products has increased sharply to 45 percent (see figure 1 ). With an average annual growth rate of 6.7%, world aquaculture production increased from 13 million tonnes in 1990 to 76 million tonnes in 2015 [1] . Today every second fish comes from aquaculture. The growing global population and changing consumer behavior are important reasons for the increased demand for aquatic products: since the 1960s, annual average fish consumption per capita has almost doubled from 10 kg to 19 kg. As an essential source of valuable fatty acids and protein [2] , aquaculture contributes to global food security [3] and nutrition to the growing world population. Almost two-thirds of the total global aquaculture production is produced in freshwater aquaculture, of which most of it is cultured in pond systems. Asia supplies almost 90% of global aquaculture products, and aquaculture is a rapidly growing economic factor that promises high income gains but entails high environmental risks: mangrove deforestation, water pollution, and the use of antibiotics and pesticides increase the threats on coastal ecosystems [4] . 
POTENTIAL OF SAR FOR AQUACULTURE MAPPING
Fish and shrimp are mainly produced in freshwater and brackish water pond systems in low topography areas along the coasts of South and East Asia. Ponds are permanently water-filled surfaces, surrounded by very narrow linear structures such as dams, dikes or levees with an average depth of less than 2 meters [4] and generally have a rectangular shape. Aquaculture pond sizes range from small-scale subsistence aquaculture farming (approx. 20x20m) to large commercial farms (several ha size). With high resolution earth observation data we are able to detect aquaculture at single pond level. The great advantage of active microwave instruments for aquaculture mapping is their all-weather, day and night imaging capability which is particularly suited for cloud-prone coastal areas. The different backscatter response of the pond components (dikes and enclosed water surface; see figure 3 ) and its distinct rectangular structure allow for the separation of aquaculture areas from other surfaces. With dense time series data we are able to distinguish permanent water covered aquaculture ponds from other periodically water filled surfaces, such as paddy rice fields or flooded areas [5] . 
DATA AND METHODOLOGY

SAR and terrain data
High spatial resolution time series of free and open data acquired by the European Sentinel-1 radar satellites were collected and pre-processed. We used more than 1500 dualpolarized (VV/VH) Sentinel-1 scenes in interferometric wide swath (IW) mode and high resolution ground resolution detected (GRDH) format for coastal aquaculture hotspots along the Chinese and Vietnamese shoreline, e.g.
the Pearl River Delta. To exclude water bodies, which are most likely to be confused with aquaculture ponds, we generated two terrain masks: For terrain masking we derived topographic information from SRTM Version 3.0 Global 1 arc second dataset and extracted elevation and slope thresholds to identify potential aquaculture areas. A detailed coastline dataset for Asia was provided by the Institute of Geographic Sciences and Natural Resources Research (IGSNRR), Chinese Academy of Sciences (CAS) and used to generate a binary land and water mask.
Pre-processing
The preprocessing comprised the application of an orbit file using restituted orbits, removal of thermal noise, and radiometric calibration to convert intensity values to the backscatter coefficient sigma naught. These pre-processing steps have been performed by the Google Earth Engine team [6] . For the study sites we used scenes in VH polarization and only from an ascending or descending orbit to reduce effects of orbit direction and look angle. Since the availability of scenes in ascending and descending orbits varies greatly from area to area we chose only the orbit direction which is more available for the specific study site. The pixel-wise median was calculated for the pre-processed time series data cube to reduce speckle noise in the intensity SAR imagery and identify permanent and stable low scatterers (see figure 4) . By averaging over time, the median of the temporal data cube effectively improved the recognition and detection of small and narrow surface structures such as dams and levees surrounding aquaculture ponds. An automatic clustering-based image thresholding was used to mask land and water surfaces prior to the segmentation. We chose the OTSU method [7] to separate pond water and surrounding land area (dikes, levees, and dams). A connected component segmentation algorithm [8] was applied to the temporally filtered SAR time series data to extract pond objects based on shape and size features with a mean overall accuracy of 0.83. Appropriate parameters for object area, elongation, region ratio were derived from an aquaculture pond sample dataset and applied for the object based image filtering.
Thresholding and segmentation
RESULTS AND DISCUSSION
Figure 5: Earth observation derived coastal aquaculture ponds in the Pearl River Delta, Guangdong Province, China.
Coastal hotspot areas on the Chinese and Vietnamese coasts were investigated and the vast pond area required for the fish and shrimp farming becomes visible. As an example, figure 5 illustrates the results of the aquaculture mapping in the Pearl River Delta (China). Large-scale land use changes as well as loss and degradation of valuable wetlands are the consequence of the rapid aquaculture development. Considering increasing intensification in the aquaculture sector with higher use of pesticides and antibiotics [4] , the protection of coastal ecosystems and their resources becomes a global challenge.
In view of the great potential of aquaculture to contribute to global food security, another research objective is the estimation of pond production quantities. Detailed data on aquaculture regional statistics, its expansion and localization barely exist but is of utmost interest as aquaculture is a major policy priority across governmental and nongovernmental institutions for the sustainable management [4] of our planet's coastal resources and to secure sufficient and nutritional food supplies for the growing world population. Although there exist national statistics (e.g. provided by the FAO for most countries) and also lower administrative units at sub-national levels, these data have generally limited detail and only provide statistics on total aquaculture quantities. We collected annual statistics of aquaculture production for exemplary study sites on sub-provincial level and in-situ data on average harvest yields on pond level to estimate aquaculture production amounts for the earth observation derived fish and shrimp ponds. Such detailed production data and spatial information did not exist so far. With the SAR derived product it is possible for the first time to assess aquaculture on single pond level at regional scale and use that information for spatial analyses and production estimation.
CONCLUSION
The aim of this study was to assess aquaculture ponds from high resolution SAR data for coastal hotspots in Asia. The results proof that active microwave sensors with weather independent, day-and-night data-acquisition capabilities have great potential for pond detection and mapping on regional and global scale in cloud-prone coastal areas. The outcomes of this framework will be exploited for further global application and derivation of aquaculture ponds and to analyze the potential for the estimation of production quantities. Based on the presented results, earth observation can effectively support the sustainable development in the coastal zone and help to derive production volumes specifically for pond farms -the predominant culture system in the coastal zone of Asia.
